Introduction
The combination of a dielectric solid (paper) and a dielectric liquid (mineral, vegetable, or silicone) is the most commonly used insulation system in power transformers because of the favorable dielectric properties of these insulations and the high heat capacity of the oil, which allows for cooling. It is known that temperature is the main parameter in determining the aging of these insulations and, therefore, the lifetime of a power transformer [1] , [2] .
Currently, for reasons of safety and sustainability, the trend is the use of vegetable oils, whose behavior as a coolant and dielectric fluid is different from traditional mineral oils. Therefore, knowing the behavior of the oil-paper insulation system, its evolution over time, the location in the transformer, and the maximum temperature reached is critical from the point of view of managing electrical power infrastructures [3] .
Early attempts to replace traditional mineral oil with alternative fluids in power transformers were performed to reduce the risk of fire because mineral oils are characterized, among other properties, by a low flashpoint. H. Borsi [4] published an article in 1990 in which a synthetic ester-based oil (MIDEL ® 7131) was studied as an alternative to mineral oil from the standpoint of eliminating the possibility of polychlorinated biphenyls and, therefore, achieving safer operation conditions. Subsequently, concern for the environment and the biodegradability of the liquids used as dielectrics were bonus reasons for the study and development of vegetable oils in power transformers. There have been many studies conducted and published on the use of dielectric fluids with respect to the environment [5] - [7] , and several oils have been patented for this purpose [8] , [9] . A complete review of alternative fluids for power transformers can be seen in [10] .
In recent years, most studies on the use of vegetable oils as a dielectric in power transformers have focused on either the evolution of their dielectric properties over time [11] - [14] or their influence on the aging of impregnated paper in these oils [15] - [20] .
In 2013 Coulibaly et al. [19] aged paper and a high density transformer board at 130°C up to 1,128 hours in sealed vessels in the presence of mineral oil, natural ester, and synthetic ester.
They then measured the evolution of the moisture content of oils and the paper and pressboard, the CO and CO 2 gas production, the oil acidity and dielectric dissipation factor, the furanic compounds (2-FAL) production, and the degree of polymerization (DP) of both paper and pressboard.
More recently, in 2014 Singha et al. [20] compared the aging characteristics between a high oleic natural ester dielectric fluid and mineral oil on an accelerated single-temperature thermal aging experiment at 150°C for a period of 3,000 hours, measuring and analyzing the physical (color, viscosity, moisture content, and acidity) and dielectric (dielectric constant, power factor, and AC breakdown voltage) properties of both the oils at different intervals.
In this article, mineral oil, two different vegetable oils, and Kraft paper aging are analyzed after having been thermally accelerated and aged at 110, 130, and 150°C. Physical, dielectric properties, moisture content, acidity, dissolved gases, loss factor, and DC resistivity for the different types of oil and the moisture content and DP for Kraft paper have been studied. Therefore, this is a comprehensive study on the aging of vegetable oils compared with mineral oil under different working conditions.
Materials and Methods
Because the aim of this work was to study vegetable oil-paper insulation aging compared with the corresponding mineral oil-paper insulation, what has been experimentally realized was accelerated thermal aging at three different temperatures (110, 130, and 150°C) of the dielectric system based on three different oils (two vegetable oils and mineral oil). Then, different tests were performed to study the state of the Kraft paper and oil. This range of temperatures allowed us to perform an accelerated test without the risk of side effects due to pyrolysis or carbonization.
The sample preparation process was performed as follows. First, strips of Kraft paper (260 × 15 mm) were introduced in three steel vessels in which a vacuum was created to remove most of the moisture. Subsequently, the vessels were filled with nitrogen for which hygroscopicity helped remove moisture from the paper. Under these conditions, the vessels were placed in an oven at 100°C for a period of 24 hours so that the paper finally reached a moisture content of approximately 0.5%. Finally, the vessels were opened, different oil was poured into each one, and the vacuum and nitrogen filling processes were repeated. Once the samples were prepared, they were then aged in an oven at 110, 130, and 150°C.
Depending on the temperature, the aging time will be different in each case. During the aging time and at different intervals, paper and oil samples were taken and tested. Because the aging rate was expected to increase as temperature increased, sampling was performed at 150°C more frequently than at 110°C. Moreover, degradation was more pronounced at the beginning of the aging process, so the latest samples were taken at longer time intervals.
For the three oils, the parameters of moisture content, acidity, dissolved gases, loss factor, and DC resistivity were studied. The moisture content and the DP of the Kraft paper were analyzed. Table 1 summarizes the studied parameters and the standards that were applied. Table 2 shows some of the initial properties of the three oils studied. Table 3 contains some remarkable features of the Kraft paper used in these experiments. In all cases, the data have been provided by manufacturers.
Fundamentals
Natural ester consists of glycerol and fatty acids, which are known as triglycerides, and can be subjected to either oxidation or hydrolysis because of the structure of its molecule. In natural ester, double C-C valence bonds could promote oxidation, while single COOH valence bonds could introduce hydrolysis. According to previous findings [21] , oxidation starts with the induction period where the carbon atom in natural ester reacts with oxygen to create a free radical from the loss of the hydrogen atom. The free radical reacts with oxygen and creates peroxide radicals. The propagation period starts once the peroxide radicals decompose to create hydrogen peroxide. The final byproducts of this reaction include aldehydes and ketones.
Hydrolysis of natural ester can take place in three stages where all of them are reversible. The first stage is the creation of diglyceride formed by a triglyceride interaction with water. Once the diglyceride reacts with water, it will create monoglyceride, which will form into glycerol as a final reaction product. During all stages, fatty acid will be created as a by-product.
Results and Discussion
The aging tests were done at 110, 130, and 150°C using mineral oil (MO), natural ester vegetable oil type 1 (VO1), and natural ester type 2 (VO2). Figure 1 shows the effect of aging on the DP of paper impregnated in MO, VO1, and VO2 at the three temperatures. As previously determined [22] , the DP decreases with time, where the decrease is more pronounced at the beginning of the process and at higher temperatures.
Evolution of DP of Kraft Paper
For example, after aging for 212 hours at 150°C, the DP of Kraft paper in MO is reduced by 77% to 158 (baseline DP 0 = 678), whereas after aging for 2,107 hours at 110°C, the DP is reduced by 71%. However, Kraft paper aged in oil at 110 and 130°C shows a DP of nearly 200, at which point there is no guarantee that the transformer can withstand the stresses produced under extreme conditions and which is considerably greater than that experienced by the other oils.
To assess which vegetable oils provide better results, at first, VO1 has a final DP value of 360 at 110°C, which is 16% higher than in VO2. When tested at 130°C, this percentage decreases by only 4%.
As shown in Figure 1 , at 130°C, the rate of reduction in DP is nearly twice than at 110°C. The temperature effect is more pronounced in MO, which confirms that vegetable oils promote a better conservation of the Kraft paper, in terms of DP. In this case, the final DP value obtained in VO2 is 21% higher than that obtained under the same conditions with VO1. 
Evolution of Moisture Content of Kraft Paper
Moisture content in Kraft paper is one of the most important aspects of power transformer assessment, and its presence is detrimental to insulation properties. The dielectric strength is reduced, and as the cellulose ages, gas bubbles are formed at high temperatures. Moisture is also a by-product of the aging process. Figure 2 shows that at the three test temperatures, Kraft paper in mineral oil has the highest moisture content during aging. This higher moisture content matches the higher degradation experienced by the paper from the viewpoint of the DP. As described in the next section, vegetable oils absorb more moisture such that the paper has a lower water content and, therefore, its degradation is slower than if it were impregnated with mineral oil.
Evolution of Moisture Content of Oil
Moisture in transformer oil can originate from the atmospheric air or can be a result of the degradation of the insulating materials. For relatively low water content, water remains in solution and does not change the appearance of the oil.
However, when the water content exceeds a certain level, reaching saturation, water cannot remain in solution, and free water appears as turbidity or droplets, causing a decrease in the dielectric strength and resistivity and an increased dielectric dissipation factor. Moreover, high free water content in oil accelerates the chemical degradation of Kraft paper.
As evident in Figure 3 , in terms of the moisture content of oil, MO has excellent results at all times and is far below those obtained in both vegetable oils. At high temperatures, vegetables oils can produce hydrolysis by absorbing water from the paper and, thus, reducing aging of the paper.
Evolution of Acidity
The acidity of the oil is a measure of the acidic contaminants in the oil. The acidity of used oil is caused by the formation of acid oxidation products. Acids and other oxidation products, along with water and solid contaminants, will affect the dielectric properties of the oil.
Acids have an impact on the degradation of cellulosic materials and may also be responsible for the corrosion of metal parts of the transformer. The rate of increase in the acidity of oil is a good indicator of the rate of aging. Figure 4 shows the evolution in the acidity of the tested oils at the three tested temperatures. At these temperatures, MO has lower acidity during the aging process. The increase in acidity experienced by vegetable oils is very pronounced at first, tending to stabilize after one-half of the aging period.
Evolution of Dissolved Gases
According to IEC 60599 (Table 1) , the ratio [CO 2 ]/[CO] (square brackets mean concentration) can be considered as an indicator of cellulose degradation. Figure 5 shows the evolution of this ratio for the three oils at the three test temperatures. It can be observed that this ratio is higher for MO than for the vegetable oils, which is also confirmed in Figure 1 and has been previously reported [23] , [24] . 
Evolution of Dissipation Factor and DC Resistivity
A measurement of the dissipation factor (tan delta) allows us to determine the condition of the insulation. Figure 6 shows the evolution of tan delta for the three oils at the three test temperatures. Clearly, the vegetable oils show higher tan delta than for the MO. Therefore, in this aspect, MO presents the best dielectric properties at all temperatures.
A high tan delta implies a low resistivity, so this property was also measured at both polarities. As both show similar results, only the positive polarity result is shown in Figure 7 .
Conclusions
In this article, we have studied the behavior of various insulating oils used as dielectric liquids to determine whether vegetable oils, in this case, two types of natural ester-based oils, are a real solution for replacing MO currently used in most electric power transformers.
Through laboratory testing and a subsequent analysis of the results, a series of conclusions were obtained, which seek to confirm that these vegetable oils can perfectly fulfil the role intended. Experimental results show that the DP of MO-impregnated paper is the lowest for all three temperatures tested (110, 130, and 150°C), which means further degradation of the dielectric paper. Vegetable esters possess similar behaviors. However, as the temperature of the tests increases, VO2 gives slightly better results.
The moisture content in MO-impregnated paper is higher than in any of the vegetable oils, which causes greater aging of the paper. Regarding moisture content in oil, vegetable esterbased oils have higher values because they are able to absorb more moisture from the paper by the effect of hydrolysis, as described in [18] . Therefore, MO has worse results compared with the natural ester-based oils considered in this study.
Acidity determines the degree of contamination in the dielectric oil, and as shown above, the MO has lower values compared with the two vegetable oils tested.
The insulating oil tester allowed us to determine the dielectric dissipation factor (tan delta) and the DC resistivity of oils. Mineral oil has the lowest values for the dielectric dissipation factor, which is linked to good results with respect to the resistivity. This indicates that regarding its dielectric behavior, this oil is maintained in good condition over time.
The lifetime of a transformer insulation system (paper-oil) is significantly affected by temperature, water content, and oxygen. That is, these three variables affect the rate of degradation. However, in this case, only the effect of temperature has been considered, so it would be necessary to obtain additional data under different aging conditions to allow kinetic models to incorporate the degradation accelerating effect variables in the presence of oxygen and moisture.
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